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SUCCESS in inducing in vitro transfor-
mation in mammalian cells by chemical
carcinogens (Berwald and Sachs, 1933;
Heidelberger and Jype, 1967; Sanders and
Burford, 1967) has opened up the possi-
bility of studying the mode of action of
these carcinogens at the cellular and
molecular level, and could be expected
to shed light on the question of selective
advantages, if any (biochemical or im-
munological), of a transformed cell over a
population ofnon-transformed cells. Ab-
sence ofanideal control system has always
hampered similar studies in vivo, whereas
several investigators have studied the
phenomenon of contact inhibition and its
loss in vitro, by measuring and comparing
various parameters of normal and trans-
formed cell surfaces (Abercrombie, 1966).
Surface interactions appear to be impor-
tant in mediatinggrowth control (Burger,
1973). However, there is as yet no
information available on changes in the
biochemistry of the cell nucleus induced
by chemical carcinogens. Since carcino-
genic transformation is a heritable change
induced in a cell, one would expect a
biochemical change in the cell nucleus. I
present here preliminary evidence of
alterations in the nuclear proteins of a
carcinogen induced transformed cell line
and the appearance of a unique protein
absent in the parental cultures and in the
revertant.
We have described before (Naha and
Ashworth, 1974) the use of a temperature
sensitive variant cell line which carried a
biochemical lesion in thymidine meta-
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bolism and showed high frequency of
transformation in vitro, induced by the
carcinogen methylnitrosourea at the res-
tricted temperature, whereas the variant
at the permissive temperature or the
parental cell line showed no detectable
change in cellular morphology under
similar conditions. These experiments
(Naha and Ashworth, 1974) indicated that
transformation in the temperature sensi-
tive variant cell line was selective in
nature and raised the possibility of a
" clonal selection " in carcinogenic trans-
formation in mammalian cells, at least
with respect to certain chemical carcino-
gens.
MATERIALS AND METHODS
The following cell lines were used in these
experiments: the SV40 sensitive African
green monkey kidney (epithelial) cell line of
BSC-1 (Meyer et al., 1962) andits temperature
sensitive variant ts14, isolated by the
methods described before (Naha, 1973a).
These cell lines grew as monolayers to con-
fluence and were strongly contact inhibited
in culture. Culture conditions of these cell
lines have been reported (Naha, 1973a).
The variant clone ts14 was a non-producer of
SV40, when infected with the virus at the
restricted temperature of 39 5°C, and was
found to undergo transformation by SV40
at this temperature (Naha, 1973b); the cells
were, however, lytic to the virus at the per-
missive temperature of 33°C. Preliminary
experiments (Naha, 1973a) indicated that the
variant cell line was defective in the meta-
bolism of exogenous thymidine, but thymi-
dine triphosphates were synthesized in the
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inhibited within the first cell generation time
(Naha, 1973c) (roughly 16-20 h).
Transformation of the variant cell line
tsl4 was induced at the restricted tempera-
ture by the chemical carcinogen N-methyl-N-
nitrosourea (MNU), obtained from Dr A. W.
Craig of the Carcinogenesis Unit of these
laboratories, at concentrations below the
levels of toxicity (< 100 ,ug/ml). Very few
transformants were observed above this
level; the optimal concentrations for inducing
transformation was found to be between 40
and 60 ,ug/ml. The details of these studies
have been published (Naha and Ashworth,
1974). The significant changes in the mor-
phology and growth characteristics of the
transformed clone (tsl4/MNU/2) were (1)
colonial morphology; (2) loss of temperature
sensitivity; (3) increased efficiency of plating
(compared with the parental culture of ts14
which failed to grow at a density of 1000
cells/25 cm2 in Falcon tissue culture flasks at
33°C, tsI4/MNU produced more than 200
colonies); (4) increased agglutination by
concanavalin A (at a concentration of 100
,tg/ml); (5) ability to grow on soft agar (for a
limited number of divisions only). The
transformed cells produced tumours when
injected subcutaneously in green monkeys.
These studies will be published elsewhere.
The temperature sensitive, contact inhibited
revertant of tsI4/MNU/2, termed here as
tsl4/MNU/2R, was obtained at a frequency
of < 10-5.
Quantitation of the nuclear proteins was
performed in the following way: Cells at a
density of 1 x 105/ml in 30 ml volumes were
plated in 16-ounce glass bottles and incubated
for 16 h at 39 5°C. The cells were then
washed with Hanks' BSS and exposed to
Hanks' BSS with 10 ,Ci/ml of L-methionine-
methyl-14C (56 mCi/mmol), or 10 ,uCi/ml of
L-(methylene-14C) tryptophan (2 Ci/mmol),
and 25 )tCi/ml of L-tryptophan-3H-G (5 Ci/
mmol) for 1 h at 39 5°C. Radioactive chemi-
cals were obtained from the Radiochemical
Centre, Amersham. Cultures were collected
from the bottles after 2 washes, with cold
phosphate buffered saline (PBS), in 1 ml of
1% NP40. Cells were then washed with
PBS and frozen. Nuclear preparations from
these cells were made by the methods
described before (Naha, 1973c).
Frozen cell pellets were washed and re-
suspended in rabbit reticulocyte standard
buffer (RSB, pH 7.4) and allowed to swell for
10 min at 2°C. The cells were homogenized
on a Dounce homogenizer, using 10-15
strokes. In these conditions, 95-100% of
the cells were broken, releasing intact nuclei
and cytoplasm. Nuclei were centrifuged at
500 g for 15 min and washed with RSB.
The nuclear pellets were resuspended in RSB
(x 10 I nuclei/ml) anddisrupted bysonication
for 5 min at full power in a Soniprobe Type
7530A sonic oscillator. The nuclear fraction
(100 1ug in 0X2 ml vol) was first reduced by
treating it with 0.5 ml of a mixture of
10 mmol/l urea, 4% SDS and 4% mercapto-
ethanol and heating at 100°C for 3-5 min.
The sample was run on 6% acrylamide gel
with SDS in a continuous system (Maizel,
1971). The distribution of radioactive pro-
teins in the gels was determined by slicing the
gel into 1 mm thick sections, dissolving it in
0.5 ml H202 at 60°C and counting in toluene
based scintillation fluid (toluene : triton 1 : 1)
Intact gels were stained with 2% naphtha-
lene black.
RESULTS AND DISCUSSION
Electrophoretic analysis of equal
amounts (100 lg) of nuclear proteins of
BSC-1, ts14, ts14/MNU/2 and tsl4/MNU/
2R showed in the stained preparations
(Fig. 1) the presence of a low molecular
weight fraction in cultures oftsl4/MNU/2,
both at 33 0°C and 39 5°C. This protein
was not present in the parental cultures of
BSC-1, tsl4 or tsl4/MNU/2R. The mol-
ecular weight of this protein was between
23,000 and 25,000 daltons estimated
against pancreatic ribonuclease A and
lysine-rich Fl histone (both from Sigma
Chemicals). The absence of this protein
from the revertant culture tsl4/MNU/2R,
which was temperature sensitive and
contact inhibited, indicated the possible
relevance ofthis protein to one orthe other
of the properties of the transformed state
in tsl4/MNU/2 (colonial morphology, high
efficiency of plating etc.). The possi-
bility of contamination by cytoplasmic
proteins was excluded because whole cell
proteins of the parental types or the
revertant did not band in this region.
Looking at Fig. 1, it is necessary to
recognize that although equal amounts of
protein were layered on each gel, differentP. M. NAHA
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FIG. 1. Polyacrylamide gel electrophoresis of 100 ,g ofnuclear proteins ofthe following cell cultures
(a) BSC-1 cultured at 39 5°C; (b) tsl4/MNU/2 at 33°C; (c) tsl4/MNU/2 at 39-5°C; (d) tsl4/MNU/2R
at 33°C; (e) tsl4/MNU/2R at 39-5°C; (f) ts14 at 39-5°C.
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FIG. 2.-Distribution of 3H-tryptophan (0) and 14C-methionine (O) in 100 ,tg of nuclear protein of
tsl4/MNU/2. Cells were incubated for 16 h at 39- 5C and exposed to radioactive medium for 1 h
at 39-5°C.
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FIG. 3. Distribution of 3H-tryptophan (0) and 14C-tryptophan (-) in coelectrophoresis of 100 ,ug of nuclear proteins of tsl4/1MINU/2 andl of tsl4/MNU/2R respectively. Cells incubated for 36 h at 33 C and exposed to radioactive mec(lium for 1 h at 33 C.
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amounts of protein have obviously mi-
grated into different gels. The faint band
indicated by the arrow is visible only in
gels b and c, but several other bands,
especially at the middle of the gels, are
stained much more intensely in b and c
than the corresponding ones in the others.
Varying amounts of protein may have
been trapped at the top ofthe gels. For a
qualitative and quantitative estimation of
the different proteins in the gels, the cells
oftsl41MNU/2 were radioactively labelled
and the radioactivity in the nuclear
proteins was analysed. The distribution
of radioactive proteins, doubly labelled
with 14C-methionine and 3H-tryptophan,
showed (Fig. 2) a high rate of incorpora-
tion of tryptophan in the low molecular
42
weight fraction. Since tryptophan is
incorporated selectively into non-histone
proteins (Wilhelm, Spelsberg and Hnilica,
1972), it is presumed that the low molec-
ular weight fraction is a non-histone
protein. In terms ofradioactivity incorp-
orated thisproteinfractioncomprisesabout
2-4/ of the total nuclear non-histone
proteins in the transformed cells of
tsl4/MNIJ/2. Isolation and character-
ization of this protein have now been
undertaken.
In order to acquire additional evidence
ofthe absence ofthe low molecular weight
fraction in the revertant cell line, equal
amounts of nuclear proteins (100 ,ag) of
3H-tryptophan-labelled tsl4/MNUT/2 and
14C-tryptophan-labelled tsl4/MNU 2Rwere
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run together (coelectrophoresis). The re-
sults of this experiment, presented in Fig.
3, showed that 14C-labelled proteins did
not band in the same low molecular weight
region as that of 3H-tryptophan (marked
by arrow).
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FiG. 4.-Polyacrylamide gel electrophoresis
of 100 iLg of nuclear proteins from crosses
between: (a) BSC-1 and ts14, and (b) BSC-
1 and tsl4/MWNU/2. Equal numbers of
cells (1 x 106) from each parent were mixed
in presence of (fi propiolactone) inactivated
sendai virus at 800 HAU/ml and incubated
for 48 h at 330C.
Cell fusi'on experiments in the presence
of inactivated sendai virus (Harris and
Watkins, 1965), showed (Fig. 4) the
presence of this small molecular weight
fraction in crosses (55-60% fusion) be-
tween BSC-1 and tsl4/MNU/2, but it was
absent from crosses between BSC-1 and
ts14. Both these crosses were performed
at 330C. In crosses between BSC-1 and
tsl4/MIN'TJ/2 more than 50% of radio-
activity was recovered in this protein
fraction compared with the tsl4/MNU/2
controls. However, it is necessary to
study the presence or absence of this
protein on cloned hybrid cultures to
determine its dominance or recessiveness
in a mixed population. Electrophoretic
analysis of this protein also opens up the
possibility of studying dominance or
recessiveness of the transformed property
(malignant or non-malignant) in inter-
specific and intergeneric hybrids in vitro
(Harris et al., 1969).
Preliminary studies showed that the
generation (cell cycle) time oftsl4/MNU/2
was not different from the parental cul-
tures of tsl4 at 33°C or BSC-1 at 39-50C.
The most significant difference noted in
tsl4/MNU/2 compared with the other
cell lines tested is the ability to plate at
low cell densities (< 1 x 10-3/ml).
This work was supported by grants
from the Medical Research Council and
the Cancer Research Campaign. I am
grateful to Mrs Kathleen Hewitt for
expert technical assistance.
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